The oil hydraulic cylinder has been used as industrial actuators, because it is inexpensive and also has a high power to weight ratio. However the accurate control of the oil hydraulic actuators is difficult because of very complex and high nonlinearity due to flow-pressure relationship and large friction force . Recently, to overcome those problems an impedance or hybrid force/position control concept has been suggested. This study proposes an impedance control of an oil hydraulic servo system with a position-based approach where an optimal servo system using the LQ optimization technique is constructed inside the force feedback loop . And also to attain the desired impedance over extensive operating conditions, we use an impedance parameter modulation law. From some experiments , an impedance parameter modulation law incorporating the optimal servo system shows good static force control ability and excellent performance in dynamic tasks such as collision force reduction.
INTRODUCTION
The oil hydraulic system is widely used in the industrial world, and the application range is being expanded. Moreover, there is the feature that is inexpensive and also has a high power to weight ratio, and is easy to secure electric insulation. So, the application to the manipulator for live-wire work is beginning to research recently [1] [2] . Since there are many works in a high place and with the danger of an electric shock, when performing the assembly work and contact work by the manipulator, the demand to autonomy is increasing. In order to perform such works, it is necessary to control both a position/posture and force/moment, and according to the force that generates in case an object contacts a manipulator, it is necessary to control flexibly. One of the basic approaches is compliance control. The compliance control is the method of controlling a system flexibly by changing the generating force measured by the force sensor into the displacement, and using it for a control input. As those methods, there are the stiffness control using the imaginary stiffness and the impedance control using the imaginary stiffness, imaginary inertial mass, and imaginary viscous friction. Moreover, Sasaki et al. tried the impedance-modulation law [3] . It is to change the imaginary stiffness of the target impedance on-line, and also is the method of adjusting the imaginary stiffness into the optimum to improve stability. This research applies the sliding mode control using the smoothing function for the stiffness modulation of the impedance modulation law, and tries the reduction of chattering and the improvement of stability in the force response.
OIL HYDRAULIC SERVO SYSTEM
The schematic of the experimental apparatus is shown in Fig. 1 . The oil hydraulic servo system consists of the composition that a double rod cylinder opposed to a single rod cylinder through a flange joint. The double rod cylinder is the "control" cylinder and the single rod one is the "load" cylinder. The proportional solenoid valve controls the control cylinder. The pressure sensors are attached to both the head and rod sides of the control cylinder, and the generating force of the control cylinder is calculated from these pressure differences. Here, the load cylinder is assumed to the environmental stiffness and it can give any loading state by the electrical relief valve. Moreover, the piston displacement of a control cylinder is measured by the laser displacement sensor.
MODELING OF THE OIL HYDRAULIC SERVO SYSTEM
The system transfer function Go or G1 is assumed that both compressibility of hydraulic fluid and dynamics of the proportional valve are ignored or not, respectively. 
The transfer function Go of the oil hydraulic system is described as: (3) where ki and k2 are the linear approximation parameters. The system response for the two cases is shown in Fig.4 where the stiffness is adapted, or fixed to K=1867kN/m.
When adaptive in K, there is no overshoot and the system settles to a desired value, so the impedance modulation is effective. However, in connection with the modulation of K, chattering occurs in the force response.
SMC MODULATION
The impedance modulation is carrying out by change of the stiffness, and the force is able to converge to a desired value. However, it has the fault that chattering occurs in the force response. Therefore, the smoothing function to be the chattering control technique of the sliding mode control is applied to the impedance modulation, so we tried the improvement in stability and elimination of the chattering of a force response. The nonlinear control input term of a sliding mode control is shown by the equation (11). When the smoothing function is used for the equation (11), the nonlinear control input will be given by where S is a positive small constant.
In this study, the above mentioned sliding mode control is applied to the modulation of the stiffness. When the switching function a of the sliding mode control is considered to be on the error hyper plane of force, it will be given by the following equation, promising in the application to the work that collides with a subject.
CONCLUSIONS
In this study, the experiment of the position and force control by the impedance modulation and the SMC modulation in impedance control was carried out . The results obtained by this study are summarized in the following.
(1) Since the stiffness is changed on-line, the impedance modulation has the excellent control performance to the characteristic of the position response , and to sudden load change. However, a chattering occurs in the force response.
(2) The SMC modulation using the smoothing function of the sliding mode control, the chattering of the force response is eliminated, and stability improves . Therefore, it is effective in the application to contact work with the subject by the oil hydraulic manipulator , etc. 
